Incubation of purified vaccinia virus with y-32P-adenosine triphosphate resulted in the incorporation of 32P into hot trichloroacetic acid-insoluble material. Enzymatic activity was completely dependent on the addition of divalent cations and was stimulated by nonionic detergents and dithiothreitol. Chemical studies demonstrated that serine and threonine residues of 15,000 molecular weight viral polypeptides were phosphorylated. In contrast, the major structural proteins were not phosphorylated or were phosphorylated to a much lesser extent. Added histones and protamine, but not serum albumin, casein, or phosvitin were phosphorylated by the partially disrupted vaccinia virus preparations. The protein kinase was tightly associated with vaccinia virus particles since the specific enzymatic activity remained constant during the final steps of virus purification, the specific activities of many different preparations of virus were similar, and the enzymatic activity cosedimented with vaccinia virus during rate zonal sucrose gradient and potassium tartrate gradient equilibrium centrifugations. Controlled degradation of vaccinia virus, with nonionic detergents and dithiothreitol, indicated that both the protein kinase and the specific phosphate acceptor proteins were located in the virus core.
An enzymatic activity, which phosphorylates the major viral structural proteins, was found by Strand and August (26) to be associated with Rauscher murine leukemia virus, avian myeloblastosis virus, and vesicular stomatitis virus. They considered that the protein kinase may be a virus-specific or host-derived envelope component of budding or membrane-maturing viruses. Sub (3) and the protein kinase is located in the virus core. In addition, serine and threonine residues of specific protein components of the virus core are phosphorylated.
MATERIALS AND METHODS
Virus purification. Vaccinia virus (strain WR) was purified from HeLa cells by the procedure of Joklik (10) as previously described (17) . Infected cells were disrupted by Dounce homogenization, nuclei were removed by low speed centrifugation, and the virus was sedimented through a 36% (w/v) cushion of sucrose. This step was followed by zonal centrifugation two times on 25 to 40% (w/v) sucrose gradients. In some experiments, an additional equilibrium centrifugation in a potassium tartrate gradient was performed. After each gradient centrifugation, the virus band was diluted threefold with 1 mm tris(hydroxymethyl)aminomethane(Tris)-hydrochloride, pH 9, and sedimented. At each stage of the purification, following removal of nuclei, the virus was dispersed with the microtip of a Branson model 140 sonifier at 20% of maximum power. Sonic vibrations were given for five intervals of 15 sec while the tube containing the virus was cooled with crushed ice. All solutions used for the purification were sterilized by filtration, and all tubes were autoclaved or irradiated with ultraviolet light. The purity of the virus preparations was monitored by electron microscopy.
Protein kinase assay. The basic reaction mixture (0.1 ml) contained 50 mM Tris-hydrochloride (pH 10.25), 3 mM MgCl2, 5 mM ditbiothreitol (DTT), 0.01% Nonidet P-40, and 0.5 mm -y-"P-adenosine triphosphate (ATP). The pH of the complete reaction mixture was 8.3 at 37 C. After equilibration at 37 C, 20 ,ug of virus protein was added. The reaction was terminated 5 min later by the addition in rapid succession of 0.1 ml of 0.1 M ethylenediaminetetraacetic acid containing 250 ,ug of bovine serum albumin and 2.5 ml of cold 25% trichloroacetic acid containing 0.05 M sodium pyrophosphate (NaPPi). After standing at 0 C for 15 rnin, the precipitate was collected by centrifugation PAOLEThI AND MOSS and redissolved in 0.1 ml of 1 N NaOH. The material was reprecipitated and collected and washed on HA 0.45-Mm Millipore filters. Reactions were done in duplicate and the average values recorded. Zero time blanks, obtained by addition of virus protein at the end of the incubation, were always subtracted. The specific activity of the y-32P-ATP was determined for each experiment and the value used to calculate phosphate incorporated.
Source of proteins. Purified lysine-rich histone from Chinese hamster cells was provided by R. Lake. Total histone was purchased from Worthington and calf thymus lysine-rich histone, protamine, arginine-rich histone, phosvitin, a-casein, and serum albumin came from Sigma Chemical Co. Deoxyribonuclease I (ribonuclease-free) was obtained from Worthington and Pronase (nuclease-free) was from Calbiochem.
RESULTS
Protein kinase activity. Incubation of purified vaccinia virus with 'y-32P-ATP resulted in the incorporation of 82p into trichloroacetic acid-insoluble material which will be identified later as phosphoprotein. Enzymatic activity was dependent_on pH, divalent cations, DTT, and Nonidet P-40, a nonionic detergent (Fig. 1) Although vaccinia virus contains an active nucleotide phosphohydrolase (7, 19) , the protein kinase reaction could be saturated with respect to ATP (Fig. 2) . Under these conditions kinase activity was proportional to virus protein concentration (Fig. 3) . We calculated that several thousand atoms of phosphorus were incorporated per vaccinia virus particle within 5 min.
Stimulation by phosphate acceptor proteins. Incorporation of 32p was stimulated by known phosphate acceptor proteins such as protamine and histones but was unaffected by phosvitin, casein, and serum albumin (Table 1) . Maximal activity with lysine-rich histone was also shown to require Mg2+, Nonidet P-40 detergent, DTT, and similar pH values. Kinetic experiments indicated that the histone-stimulated reaction proceeded until the supply of ATP became limiting, whereas the endogenous reaction reached a plateau at an earlier time (Fig. 4) . These results suggested that acceptor proteins were limiting in the endogenous reaction. In 0.1 ml of reaction mixture, more than 25 nmoles of ATP were hydrolyzed whereas only about 0.2 nmole of 32p was incorporated into protein ( sumably, most of the ATP was hydrolyzed by 1 previously described nucleotide phosphohyd: lase activity (7, 19) , although some turnover phosphoprotein has not been ruled out. App ently, lysine-rich histone partially inhibits 1 phosphohydrolase activity (Fig. 4) . The lat was confirmed more directly by measuring 1 formation of adenosine diphosphate in the pr ence and absence of histone.
Identification of P-serine and P-tbreoni Chemical studies (26) demonstrated that the 3 labeled trichloroacetic acid-insoluble prod: derived from 'y-32P-ATP was phosphoprote The resistance of the material to hot trichloi acetic acid and deoxyribonuclease (Table  indicated that phosphodiester bonds were r involved. Furthermore, after alkaline hydrolyr (0.3 N NaOH, 16 hr) significant amounts 32P-labeled adenosine tetraphosphate were r detected by chromatography on thin-layer pla of PEI cellulose. The loss of some 32P-label material after treatment of the trichloroacetic a( pellet with chloroform-methanol was irregular and appeared to result from dislodgement of portions of the pellet rather than from lipid extraction. Pronase treatment rendered the labeled material acid soluble (Table 2) indicating that the 32p was linked to polypeptide. The resistance of the 32P-labeled reaction product to hydroxylamine suggested the absence of acylphosphate bonds which were considered to be possible intermediates in the nucleotide phosphohydrolase reaction. The alkali lability and acid stability of the 32p product ruled out phosphohistidine. The results suggested the presence of 32P-labeled phosphoserine and phosphothreonine residues.
The presence of 32P-serine and 32P-threonine was demonstrated, after partial acid hydrolysis, by coelectrophoresis with authentic standards (Fig. 5 ). Phosphoserine and phosphothreonine accounted for 22 to 25%o of the applied radioactivity, an amount comparable to that obtained by other workers with a variety of phosphoproteins (22) . The most rapidly migrating material in Fig. 5 phoresis (9, 12, 17) . It was therefore of interest to determine which polypeptides were phosphorylated. The phosphorylated proteins were characterized by coelectrophoresis with 3H-amino acid labeled vaccinia virus proteins on SDSpolyacrylamide gels (Fig. 6) . Phosphorylation appeared to be selective in that the most abundant vaccinia virus polypeptides were not significantly labeled with 32p. The molecular weight of the major phosphorylated polypeptide(s) was approximately 15,000 as estimated from electrophoretic mobility on 10%-1 polyacrylamide gels (4, 14, 24) . The protein was eluted from the gel and shown to contain both P-serine and Pthreonine by acid hydrolysis and thin-layer electrophoresis (Rosemond and Moss, unpublished observation). Similar experiments indicated that the stimulation of 82p incorporation by lysine-rich histone resulted from phosphorylation of the histone (Fig. 6) . The major peak of radioactive material corresponded to the stained histone band.
Radioautographs, of sliced and dried polyacrylamide gels, also showed that the 15,000 molecular weight polypeptide was most heavily labeled. However, after prolonged exposure times, faint bands corresponding to other viral polypeptides were noted (Fig. 7) . Unexpectedly, labeling of these viral polypeptides appeared to be enhanced by the addition of lysine-rich histone (Fig. 7) . Nevertheless, the lysine-iich histone itself was by far the most heavily labeled band (Fig. 7) . It 6 . Coelectrophoresis of phosphorylated polypeptides and 3H-amino acid-labeled viral polypeptides on polyacrylamide gels. After two cycles of trichloroacetic acid precipitation and an ethanol-ether extraction, the pellets were dissociated with 2% sodium dodecyl sulfate (SDS), 2% mercaptoethanol, 0.01 M sodium phosphate, pH 7, at 100 Cfor 2 min, and mixed with similarly treated 3H-amino acid labeled polypeptides from purified vaccinia virus. Electrophoresis was carried out with 0.1% SDS, 0.1 Am sodium phosphate buffer on 7.5%0 polyacrylamide gels for 16 hr at 3 ma/gel (13, 16) . The gels were fixed with cold 25%o trichloroacetic acid containintg NaPP1, washed with several changes of cold 10% trichloroacetic acid containing NaPPi, heated at 90 Cfor 20 min, then washed in the cold overnight. Identical results were obtained without hot trichloroacetic acid treatment. The gels were frozen, sliced into 1-mm sections, dissolved with hydrogen peroxide, and counted in a liquid scintillation counter (16) with appropriate double label corrections.
The phosphorylated polypeptides in the upper part of the figure were obtained from the endogenous reaction without added phosphate acceptor proteins; the phosphorylated polypeptides in the lower part of the figure were obtained from a reaction mixture containing lysine-rich histone. rate zonal sucrose gradient and potassium tartrate equilibrium centrifugations (Fig. 8) . Addi Fig. 6 except that 3H-amino acid labeled viral proteins were not added. Instead, electrophoresis of 14C-amino acid labeled vaccinia virus polypeptides was done in a separate gel. The gels were washed and heated in trichloroacetic acid as in Fig. 6 , stained withl 0.1% Coomassie blue in 10% trichloroacetic acid (2) , and then washed overnight in 7.5%O acetic acid. The gels were then sliced, dried, and exposed to X-ray film.
No radioactive bands were detected wheni zero time controls were worked up ini a similar manner. (1) 14C-amino acid labeled vaccinia virus polypeptides; (2) 32P-labeled polypeptides from a reaction withlout lysine-rich histone; (3) 32P-labeled polypeptides from a reaction with lysine-rich histonie; (4) stained vaccinia virus polypeptides; (5) stained lysine-rich histone. The photographs of the stained gels and radioauitographs were made from different gels.
cation (12) of the Easterbrook procedure (5) , and the core and envelope fractions were separated by centrifugation. When examined by electron microscopy, the cores appeared to lack the envelope structure. The removal of specific envelope polypeptides, which account for 20 to 30%, of the virus protein (9, 12) , was demonstrated by SDS-polyacrylamide gel electrophoresis. All of the endogenous protein kinase activity was recovered in the core fraction indicating that both the enzyme and phosphate acceptor proteins were associated with this component of the virus (Table 3) . Similarly, all protein kinase activity was associated with cores purified by equilibrium centrifugation on potassium tartrate gradients. 
DISCUSSION
The localization of a protein kinase within vaccinia virus cores and its selectivity in phosphorylating viral proteins suggest a specific role for the enzyme in virus replication. We have considered two possibilities: (i) that the enzyme has served its primary function during virus assembly and maturation and remains in the virus particle or (ii) that the enzyme is packaged to function during early stages of infection after partial uncoating of the virus. The first hypothesis is supported by the finding of a phosphorylated polypeptide in vaccinia virus particles (Rosemond and Moss, manuscript in preparation). The second hypothesis is supported by the finding that specific proteins are phosphorylated after disruption of the viral envelope with detergents. In contrast, the protein kinase activities of other viruses appear to be less selective (21, 26) . Thus the vaccinia virus protein kinase may function at early and late stages of infection.
Four other enzymes, including a deoxyribonucleic acid (DNA)-dependent ribonucleic acid (RNA)-polymerase (11, 18) , a nucleotide phosphohydrolase (7, 19) , and DNA endo-and exonucleases (1, 20) are also present in vaccinia virus cores. It is possible that phosphorylation of core proteins plays a role in the regulation of these enzymatic activities. Some studies (13, 25) suggest that protein phosphorylation may be involved in regulating RNA synthesis in nonviral systems. In particular, Martelo et al. (15) report that addition of a protein kinase to the purified DNA-dependent RNA polymerase of Escherichia coli stimulates RNA synthesis. Since these two enzymes have not yet been dissociated from vaccinia virus cores, the vaccinia RNA polymerase cannot be measured in the absence of the protein kinase. Although protein phosphorylation precedes the linear synthesis of viral RNA in reaction mixtures suitable for measuring both activities, the significance of this is not known. The possible functional relationships between the five enzymatic activities now known to be associated with vaccinia virus cores may be an interesting subject for future research.
